prominence in water treatment processes because of advantages such as easy design, control and operation [8] . The versatility and simplicity of adsorption directed researchers to search alternative sorbents to the time-honored sorbents. Therefore, the biosorption study of metal ions on natural adsorbents which are abundant in nature and require little processing is important for finding low-cost adsorbents [9] [10] [11] . Biosorption involves metal binding by ionic and covalent bonds to the surface matrix of the biomass [12] . It is known as an alternative technique to treat dilute heavy metal wastewaters because of availability of unlimited bio sources, high efficiency and surface porosity of biomass [13] . To this end, agricultural wastes and non-edible plants are considered as a viable option for utilization in biosorption processes.
In the literature, different biomass samples like nutshells [14] , sawdust [15] , algae [16] and their modified forms [17] were reported as alternative biosorbents. However, attention should be should be drawn on naturally
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Euphorbia rigida; Single-multi heavy metal biosorption; Equilibrium; Kinetics; Thermodynamics growing land plants considering both their abundancies and biosorption abilities. Among various types of biomass species, terpene hydrocarbons could be an effective candidate for biosorption processes. A well-known terpenoid biomass is the Euphorbiaceae family and Euphorbia rigida, a member of Euphorbiaceae, grows on the arid lands of Middle Anatolia in abundant quantities and without requiring special labour. About 2000 species of E. rigida is known all along the world and it is reported that 80 species of Euphorbia are found in Turkey. This biomass drew the attention of several researchers interested in converting it to petroleum substitute oil by pyrolysis [18] . Also, in another study, highly porous activated carbons were produced from E. rigida by chemical activation [19] . But direct utilization of E. rigida without applying any thermal treatment process for the removal of hazardous species has not been sufficiently studied. It is believed that usage of E. rigida as a biosorbent would lead to a new evaluation route for the other non-edible biomass species. In biosorption processes, it is also well known that interpretation and representation of multi-metallic systems is more complex than that of monometallic systems because of competition phenomena and hence there are limited published works on it. Therefore, the scope of this study was to determine the sorption characteristics of E. rigida for the removal of Pb(II), Zn(II), Cu(II), Cd(II) and Ni(II). Batch biosorption experiments were focused on to investigate the effects of solution pH, particle size, initial metal ion concentration, contact time and temperature. Equilibrium and kinetic studies together with the thermodynamic analysis were made with the obtained data. In addition, experiments were conducted in multi-metal solutions to investigate the co-ion effect.
METHODS
Biomass Preparation and Characterization
Raw E. rigida (leaves and stalks) samples were obtained from South-western Anatolia. Before biosorption experiments, E. rigida was washed to remove contaminants and dried at room temperature. Proximate, ultimate and component analysis of E. rigida were performed to determine characteristics of the biomass and all the results were summarized in Table 1 .
In order to characterize surface chemistry of E. rigida modified Boehm titration was performed and surface acidic and basic groups were quantified. For this purpose, 0.5 g of biomass samples were placed to a series of flasks which include 50 mL of 0.05 N NaHCO 3 , Na 2 CO 3 , NaOH and HCl. The flasks were shaken for 24 h and then filtered and titrated with 0.05 N NaOH or HCl depending on the nature of surface groups. By observing the end points in the presence of phenolphthalein and methyl red indicators, amount of the surface groups was determined quantitatively.
The pH point of zero charge (pHpzc) of E. Rigida was also determined by pH drift method. For this purpose, 0.15 g of biomass sample was added 50 mL solution of 0.01 M NaCl whose initial pH had been measured and adjusted by 0.01 M NaOH or HCl. The pH values of the solutions were measured after 48 h. The pHpzc of biosorbent is noted as the point where pH initial equals to pH final .
The surface microstructure of E. rigida was also characterized using scanning electron microscope combined with Energy Dispersive X-ray Spectroscopy , SEM-EDX (Zeiss Supra 50VP).
Biosorption Experiments
The salts used were Pb(NO 3 ) 2 (3) (4) (5) (6) (7) (8) (9) , particle size (0.112-0.850 mm), biosorbent dosage (1-10 g/L), initial metal ion concentration (10-50 mg/L), contact time (up to 24 h) and temperature (20-40 °C) were investigated in a batch mode. After sorption process, biomass separated from the samples by filtering and the filtrate was analysed by atomic adsorption spectrometer (Varian Spectra A240 FS)
The amount of metal biosorbed per unit mass of the biosorbent at equilibrium (q e ) and at each time interval (q t ) were calculated by the following equations,
(1)
where C i is the initial and C e is the equilibrium concentration of the metal ion (mg/L). In the equations, C t is the concentration of the metal ion at any time (mg/L), V is the volume of aqueous solution (L), and w is the mass of biosorbent (g).
In the last stage of the study, binary and ternary biosorption experiments were conducted to conclude whether E. rigida is applicable for the treatment of solutions including the combination of heavy metals.
Theoretical Approach
Biosorption Isotherms
For convenient design and fundamental knowledge of the process, biosorption isotherm, the specific relationship between sorbate and sorbents in equilibrium, is necessary. In order to gain information about the mutual effects of sorbent and sorbate, different isotherm models should be applied to experimental data. In this study, Langmuir, Freundlich, and Dubinin-Radushkevich (D-R) models were used to investigate the biosorption equilibrium between the metal ions and the biosorbent.
Langmuir model assumes that sorption occurs by distribution of sorbate molecules in a single layer throughout the sorbent surface and dynamic equilibrium exists between sorbed and non-adsorbed free molecules [20] [21] [22] . The linearized form of the Langmuir is given as follows:
where q m is the monolayer adsorption capacity of the activated carbon (mg/g), and K L is the constant (L/mg).
Freundlich model accepts multilayer adsorbate uptake on the sorbent surface and heterogeneous sorbate surface with active sites [23] . The linearized Freundlich equation is given by;
where K F ((mg/g)(L/mg)1/n) is a constant related with the adsorption capacity and n is an empirical parameter indicating the adsorption intensity.
Dubinin-Radushkevich (D-R) model designates the adsorption on uniform pores and a variable adsorption potential throughout a heterogeneous surface [24] . The linear D-R isotherm equation is as follows: The last isotherm model used in the study, Temkin [25] considers the effects of indirect sorbent/sorbate interactions and assumes non-uniformly distributed binding energies of sorbate molecules. The linear form of Temkin isotherm equation is expressed as:
Biosorption Kinetics
The biosorption processes can be controlled by different mechanisms and various kinetic models (pseudo-first order, pseudo-second order, intraparticle diffusion and Elovich) were used to look into the mechanism and influential parameters of the sorption.
The pseudo-first order model expresses the rate equation by assuming the rate of change of solute uptake with time is related with the difference in saturation concentration and instantaneous concentration [26] . The pseudo-first order equation is formulized as follows:
where k 1 is the rate constant which is belonging to pseudo-first order model (1/min). Integration of this equation is turned out a linearized form as:
Apart from the first order equation, the rate of change of solute uptake with time varies with the square of the difference in saturation concentration and the quantity of solid uptake in pseudo-second order equation as follows:
where k 2 is the rate constant of pseudo-second order model (g/mg.min) [27] . Integration of this equation also resulted in a linearized form as:
Although pseudo-first order together with pseudo-second order are convenient to describe sorption kinetics, they don't take into account the diffusion effect. At this point, intraparticle diffusion model [28] is beneficial for in-depth investigation of transportation process of sorbate molecules. The intraparticle diffusion equation expresses variation of solute uptake proportional with t 1/2 and is written by the following equation:
where k p is the intraparticle diffusion rate constant (mg/g min 1/2 ) and C is the intercept of intraparticle model plot which gives an opinion about the thickness of the boundary layer. Accordingly, if intraparticle diffusion is included in the sorption, the model plot should be linear. Either, intraparticle diffusion is the rate-controlling step in the case of model lines go across the origin then. Otherwise, some other mechanisms are accepted to be present which effects the boundary layer [29, 30] .
On the other hand, Elovich kinetic model [31] may be suitable when there is a chemical interaction between sorbate ions and surface sites. The linear Elovich equation can be represented by:
Biosorption Thermodynamics For detection of the effects of temperature, spontaneity and feasibility of sorption process, thermodynamic parameters (Change in Gibbs free energy, enthalpy and entropy) should be interpreted.
The Gibbs free energy change (ΔG°) of biosorption process can be determined from the given equation:
where R is the gas constant (8.314 J/mol.K), K L is equilibrium Langmuir constant and T is the temperature (K). Relationship between ΔG°, enthalpy change (ΔH°) and entropy change (ΔS°) can be demonstrated by:
and manipulation of Eq.13 is resulted in a linear equation for calculating thermodynamic parameters as:
RESULTS AND DISCUSSION
Characteristics of E. rigida Surface chemistry of E. rigida (Table 2 ) was studied by determination of pHpzc and surface functional groups using Boehm titration. According to the results, quantity of acidic surface groups are more than basic surface groups. Approximately 90 % of acidic surface groups are determined as phenolics.
Biosorption of single-metal solutions
Effect of pH
Since pH affects solubility of metal ions metal binding sites by dissociation of active functional groups and surface charges, it is one of the important factors that should be considered throughout the biosorption process. The effect of pH on heavy metal sorption was determined by performing the experiments in a pH range of 3-9 with a constant particle size range as 0.112-0.224 mm. The results are given in Fig. 2 and pHpzc and amount of surface functionalities were summarized in Table 2 . Accordingly, pHpzc, value of E. Rigida can be deduced close to 5.0 because of acidic surface groups. It is known that, when pH is less than pHpzc the surface of the biosorbent becomes positively charged, and metal sorption is hindered, because of electrostatic repulsion between ions and surface functional groups. On the contrary, in the case of higher pH values than pHpzc, the quantity of negative charges increases and hence metal sorption is frequently favou- red. The further increase in pH also causes an increase of the dissociation degree of functional groups from biosorbent surface and electrostatic interactions increases as a consequence. The amounts of Zn (II) and Cd(II) biosorbed onto E. rigida was found to increase with an increase in pH from 3 to 7. But further increasing pH caused to decreases in biosorption capacities of these two ions. According to this, optimum pH value for Zn (II) and Cd(II) ions was determined as 7. On the other hand, the highest Ni (II), Cu (II) and Pb(II) uptake were obtained at a pH value of 6. The differences in biosorption capacities of heavy metals onto E. rigida at different pH values could be due to the differences in the affinities of metal ions to the molecules on the biosorbent surface. At a pH value of 9, the biosorption capacity of all metal ions were at their lowest. This may be due to the formation of anionic hydroxide complexes. These complexations may decrease the dissolved metal ion quantity and their competition with active surface sites. Therefore, all the subsequent experiments were followed by adjustment of pH values of the solutions.
Effect of particle size of biosorbent
The contact surface of the biomass with metal ions in aqueous solution has a significant role in biosorption process due to the external mass transfer resistance. The effect of particle size (Dp) on heavy metal sorption was determined within the range of 0.112 mm to 0.850 mm and results are given in Fig. 3 using optimum pH values for each metal ion. Decreasing the particle size of the biosorbent increased the surface area available for metal ions and therefore increases the biosorption capacity. Hence, a particle size range between 0.112-0.224 mm were used at the rest of the study.
Effect of biosorbent dosage
It is well known that the initial metal concentration and the available sorption sites on the sorbent provide the driving force to sorption according to the mass transfer phenomena. For biosorption to take place, mass transfer resistance between the solution and sorbate should be overcome. It is obvious that an increase in biomass dose generally increases the metal uptake because of the increases in active sites on the adsorbent surface. Whereas overlapping and partial aggregation of sorption sites may cause the decline in the amount of metal adsorbed. Such aggregation can cause to a decline in surface area of the biosorbent and increase in diffusional path. In order to investigate the effect of biomass dose for heavy metal removal, variable amounts of biosorbents (1-10 g/L) were added to solutions and the results are given in Fig.4 . It is well understood that increasing the biosorbent dosage decreases the uptake amounts.
Effect of concentration, temperature and contact time
Biosorption capacities of all ions increased considerably by increasing the concentration from 10 to 50 mg/L. The explanation of this phenomenon is the driving force provided by metal ions that overcomes the mass transfer resistance between the solution and solid surface. Thus quantity of metal ions adsorbed onto E. rigida enhanced the uptake amounts with increasing metal ion concentrations. Fig. 5 shows the dependence of the q t values versus contact time at different temperatures. Accordingly, q t values increased rapidly at the initial stages with an increase in the contact time, then gradually increased and finally equilibrium was established for all metal ions. The contact time needed to reach equilibrium for all studied metal ions was found about 3 h. The obtained curves also confirm that biosorption occurred in two stages which were a very fast surface biosorption followed by a slower intracellular diffusion.
In general, there is no certain consensus about the temperature dependency of metal biosorption since surface interactions of each specific sorbate-sorbent pair effect nature of the process significantly. According to the results, biosorption capacities of E. rigida for all metal ions increased with an increase in the solution temperature. This indicates the endothermic nature of the biosorption. The affinities of metal ions onto E. rigida decreased as Pb(II) > Zn(II) > Cd(II) > Cu(II) > Ni(II) in single metal biosorption. In the applied experimental conditions, maximum capacities were determined as 18.5, 14.2, 12.1, 11.9 and 10.9 for Pb(II), Zn(II), Cu(II), Cd(II) and Ni(II) biosorption, respectively. The highest capacities obtained by using highest initial metal ion concentration (50 mg/L), temperature (40 °C) and contact time (24 h) as can be seen from Figure 5 . Generally, biosorption behaviour biomass is attributed to the interactions of different functional groups found on the biosorbent surface with metal ions. And these interactions between biosorbent surface and ions and their complexation degrees are considered as the influential factors in biosorption process. Several authors concluded that soft ions (such as Pb(II)) can be adsorbed on biomass preferentially than the borderline (such as Ni(II)) and hard ions [32, 33] . This is due to the interactions of soft ions with the biomass ligands which are mainly by covalent bonding. On the other hand, hard ions interact biomass ligands exclusively by electrostatic attraction and borderline ions have intermediate properties between these two of them. Therefore, Pb(II) occupied the first position in the affinity ranking among the examined ions. Table  3 was given to make comparison between sorption capacity of E. rigida and similar biomass samples that were found in the literature. It can be said that the capacity of E. rigida was found to be compatible with the reported studies.
Equilibrium, kinetic and thermodynamic studies Isotherm parameters obtained from the Langmuir, Freundlich, D-R and Temkin models and their respective results are given in Table 4 . According to the results, heavy metal biosorption onto E. rigida adsorption fitted well to the Freundlich model that considers multilayer adsorption of ions. Higher values of correlation coefficients (R 2 ) obtained by Freundlich model also indicate the acceptability of the model of heterogeneous sorption phenomena for the system. The performance of the constructed isotherms were also statistically measured by the MAPE (Mean absolute percentage error) and RMSE (Root mean squared error) and the results were given in Table 4 .
Kinetic parameters related to applied models are given in Table 5 . The statistical coefficients were compared for determining the suitable kinetic models for the biosorption process. Accordingly, for all metal ions pseudo-second order kinetic model fit better with the experimental data than other kinetic models according to the calculated correlation coefficients (R 2 ) MAPE (Mean absolute percentage error) and RMSE (Root mean squared error) values. The fitted pseudo-second order model is useful for predicting behaviour over the whole range of biosorption. The best fittings with this model indicate that the rate-determining step consists of chemical adsorption including valence forces through the sharing or exchange of electrons between the surface of E. rigida and metal ions. The intraparticle diffusion model also was plotted in order to determine the effect of mass transfer resistance on the binding of metal ions on E. rigida. During kinetic analysis with intraparticle diffusion model, plots of the model did not pass through the origin for all metal ions. This observations indicate that the intraparticle diffusion was not the rate-limiting step of the process due to existence of some degree of boundary layers.
In order to get a better insight into the mechanism and to ascertain the temperature dependency, spontaneity and feasibility of the biosorption process, thermodynamic parameters are calculated and the corresponding results are given in Table 6 . The positive value of enthalpy change (ΔH°) revealed that biosorption of metal ions is in endothermic nature. Also, positive value of entropy change (ΔS°) showed the randomness at the biosorbent-liquid interface because of the release of water molecules, ion exchange and binding of the metal ions. Moreover, negative values of Gibbs free energy change (ΔG°) showed that biosorption was spontaneous and confirmed the affinities of the E. rigida towards metal ions.
Multi-metal biosorption
Biosorption in multi-component systems is accepted as a much more complex process than single component systems due to solute-solute competition and the solute-surface interactions. Therefore, binary biosorption 6 shows the binary and ternary biosorption results of heavy metals. Comparing binary biosorption results with the single metal systems showed that, uptake amounts of Ni(II) and Zn(II) ions were decreased in binary systems (Fig.6.a) . In binary solutions uptake amounts were decreased due to the competition of ions for sticking on the biosorbent surface and also due to the co-ion effect. On the other hand, the total heavy metal uptake on E. rigida is increased, because of the attraction of different metal ions on different surface sites. The obtained curves indicate that contact time presents a slightly increasing trend and 90 min contact time was found to be suitable for binary biosorption of Ni(II)-Zn(II). Besides, heavy metal removal was found as an endothermic process for binary biosorption as it was found for single metal systems. Analogue results were obtained for Cu(II)-Pb(II) binary system which are given in Fig. 6 .b. Figure 6.c exhibits the results for Pb(II)-Cd(II) system. Likewise, the Ni(II) -Zn(II) and Cu(II)-Pb(II) binary systems, contact time increased the uptake amount to a certain value until equilibrium was established and 90 min was found to be the required time for the highest uptake amounts. Differently, Cd(II) uptake was not affected by adding Pb(II) ions into the solution. But, amount of Pb(II) biosorbed onto E. rigida decreased significantly in the presence of Cd(II) ion.
In order to investigate ternary metal ion biosorption, effects of initial heavy metal concentration, time and temperature were investigated. The biosorption of Cd(II)-Pb(II)-Cu(II) ions onto E. rigida as a function of metal ion concentrations were evaluated and uptake amounts were found lower than in the individual system, except Pb(II). When the effect of contact time was analysed, the time to reach equilibrium for all metals was nearly same for single and binary systems as it is seen in Fig 6. d. For ternary metal biosorption, temperature showed a slightly increasing effect on the uptake amount of ions likewise single metal solutions. Consequently, competition among heavy metals affected uptake amounts of metals in binary and ternary metal systems significantly.
SEM-EDX Analysis
SEM-EDX is a beneficial method to determine the element existence by the help of characteristic X-ray energy. SEM-EDX analysis was performed on samples before and after biosorption to investigate textural properties and, thereafter, to understand binding of metal ions to the sorbent surface. Several sites on the E. rigida were analyzed after biosoption and their respective X-ray spectra are shown 
CONCLUSIONS
This present study demonstrated the results of the biosorption process for the removal of Pb(II), Zn(II), Cu(II), Cd(II) and Ni(II) ions from aqueous solution using an arid land plant biomass. According to the uptake amounts, the affinities of the metal ions to adsorption sites decreased in the order of Pb(II) > Zn(II) > Cd(II) > Cu(II) > Ni(II) in single metal containing solutions. For the single metal containing systems, Freundlich isotherm gives the best correlation for heavy metal biosorption. Kinetic modelling showed that the data perfectly complied with pseudo-second order model. Thermodynamic analysis showed that process is endothermic and spontaneous. In multi-metal systems, the uptake amounts for both metals were significantly changed in the presence of co-ions. But, presence of co-ions had no effect on equilibrium time and temperature dependency of the biosorption process. E. rigida proved itself as an alternative low cost biosorbent for removing heavy metals.Results suggested that non-edible biomass species can be incorporated in decentralized water treatment systems to offer a simple option for treating the low concentrations of heavy metals.
